Aggregation and tissue deposition of specific proteins is thought to play an important role in the pathogenesis of many disorders referred to as conformational diseases, including Alzheimer's disease, Huntington's disease, prion diseases, and familial Parkinson's disease. 1 The serpinopathies represent a group of conformational diseases characterized by aggregation and tissue deposition of proteins belonging to the serpin superfamily of serine protease inhibitors.
Serpins inhibit their target proteases through covalent interaction. The inhibitory mechanism starts with the formation of a complex between the active site of the protease and the reactive site loop of the inhibitor that represents a pseudosubstrate for the target protease. Complex formation is followed by cleavage of the reactive site loop of the serpin and by insertion of the Nterminal segment of the cleaved reactive site loop into ␤-sheet A of the serpin. As a consequence, the protease is translocated to the opposite pole of the serpin, distorted, and thus inactivated by a mousetrap action. 2, 3 This inhibitory mechanism has the advantage to ensure an effective irreversible inhibition. However, the ability to accept the reactive site loop as an additional ␤-strand renders the serpins vulnerable to the formation of intermolecular associations. Such intermolecular insertions result in intracellular protein aggregation and eventually lead to pathological conditions called serpinopathies. 4, 5 Serpinopathies are caused by mutations that destabilize the ␤-sheet A and allow the incorporation of the reactive site loop of another molecule as an additional ␤-strand, leading to the formation of polymers that are retained within the cells. This process is best character-ized in mutants of ␣ 1 -antitrypsin that result in accumulation of the protein as inclusions in the rough endoplasmic reticulum (ER) of the liver, thereby leading to damage in the form of juvenile hepatitis, liver cirrhosis, and hepatocellular carcinoma. 5 Familial encephalopathy with neuroserpin inclusion bodies (FENIB) is linked to autosomal dominantly inherited mutations in the gene encoding neuroserpin, a serine protease inhibitor expressed in neurons of the central and peripheral nervous system. 6, 7 Four mutations have been identified. They are located in the shutter region of neuroserpin that controls the shutter-like opening and closure of the ␤-sheet A and thereby regulates the insertion of the reactive site loop into the ␤-sheet A. 8, 9 The mutations are responsible for the generation of polymers of neuroserpin molecules that accumulate in the brain and lead to neuronal death. Histological analysis of brain sections revealed the presence of eosinophilic inclusion bodies (called Collins bodies) throughout the deeper layers of the cerebral cortex and in many subcortical nuclei. Biochemical analysis revealed that the periodic acid-Schiff (PAS)-positive, diastase-resistant inclusion bodies consist exclusively of neuroserpin. The four mutations lead to varying degree of instability within neuroserpin. As a consequence, patients carrying a mutation responsible for a high instability have an earlier disease onset, more severe clinical manifestations, a shorter life expectancy, and more inclusion bodies when compared with patients with more stable forms of neuroserpin.
Although analyses of brain material from FENIB patients have provided valuable insights into the terminal stage of the disease, essential questions regarding the early phase of the neurodegeneration remain unanswered to date. Furthermore, it remains enigmatic whether the generation of neuroserpin inclusions invariably leads to the development of clinical disease. The fact that all FENIB patients were shown to harbor abundant deposits of mutant neuroserpin does not necessarily suggest that a subclinical carrier state for FENIB does not exist. If one deems a subclinical carrier state for FENIB possible, the implications for the prevalence of the disease are obvious.
We have generated genetically modified mice overexpressing mutant forms of human neuroserpin (S49P-Syracuse and S52R-Portland mutations). Mice expressing mutant neuroserpin showed clinical symptoms and inclusion body accumulation reminiscent of those seen in FENIB patients. Immunohistochemical and Western blot analysis of the inclusions confirmed the exclusive presence of mutant neuroserpin, whereas electron microscopic analysis revealed the localization of the aggregates in the ER. No inclusion bodies were detected in control mice overexpressing wild-type neuroserpin at any stage. Mice expressing the unstable Portland neuroserpin displayed more severe clinical symptoms and harbored more neuroserpin deposits than Syracuse mice, thus confirming the hypothesis that the structural instability of neuroserpin correlates with the severity of the disease. Interestingly, accumulation of mutant neuroserpin preceded development of clinical symptoms, leading to a subclinical disease.
This study provides valuable insights into the pathophysiology of FENIB. We believe that our transgenic model will be invaluable in determining processes of neurodegeneration and in establishing possible therapeutic options in conformational diseases.
Materials and Methods

Anti-Neuroserpin Antibody
The polyclonal anti-neuroserpin antibody was generated by immunizing a goat with recombinant mouse neuroserpin (amino acids 17 to 397) purified by anion exchange and hydrophobic interaction chromatography as described previously. 7 The antibody was affinity-purified with the same recombinant neuroserpin that was used for immunization.
Generation of Transgenic Mice
S49P-Syracuse and S52R-Portland mutations were introduced into the human neuroserpin cDNA using the polymerase chain reaction technique. The three 1400-bp cDNA fragments of wild-type, Syracuse, and Portland neuroserpin were inserted into a Thy-1 vector. 10 The fragments containing the cDNA of interest were excised with PvuI and purified from a 1% agarose gel with the QIAEXII extraction kit (Qiagen, Basel, Switzerland). Pronuclear injections into fertilized oocytes were performed by standard methods. Transgenic mice were identified by polymerase chain reaction using the following primers: 5Ј-TCCCCACCACAGAATCCAAGTCG-3Ј hybridizing to exon 2 of Thy-1 and 5Ј-CACCCACTTATTGATGTAGT-TGG-3Ј hybridizing to human neuroserpin. As a positive control for polymerase chain reaction, a fragment of the TAG-1 gene was amplified with the following primers: 5Ј-ACACGAAGTGACGCCCATCCGT-3Ј and 5Ј-GGAG-GAGAGAGACCCCGTGAAA-3Ј. The analyzed transgenic lines were generated on a B6D2F2 hybrid background and backcrossed to C57BL/6 for at least five generations. All animal experiments were performed in accordance with the guidelines and regulations of the Swiss veterinary authority.
Quantification of Neuroserpin Protein Levels
Brain homogenates were prepared as follows. Brains were dissected from adult animals and homogenized in a buffer containing 5 mmol/L 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 320 mmol/L sucrose, pH 7.4, using a Potter-Elvehjem homogenizer. Nuclei were removed by short centrifugation, and proteins were solubilized by the addition of 3-[(3-cholamidopropyl)dimethylammonio]propanesulfonate to a final concentration of 1%. Extracts were cleared from insoluble material by ultracentrifugation, separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), and blotted onto nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany). Because our mouse lines express varying amounts of the transgene, different amounts of extract were loaded, to allow the detection of bands in the same intensity range, thus avoiding saturation of some signals. For immunodetection, an affinitypurified goat anti-neuroserpin antibody was used (2 g/ ml), followed by horseradish peroxidase-conjugated rabbit anti-goat IgG (Sigma-Aldrich, Buchs, Switzerland), and visualized with FluorChem 8000 (Alpha Innotech Corporation, San Leandro, CA). Densitometric quantification was performed using the spot density function of FluorChem 8000.
Histological Analysis
Mice were perfused with 4% paraformaldehyde in phosphate-buffered saline (pH 7.5). Brains were dissected and fixed for 16 hours in 4% paraformaldehyde in phosphate-buffered saline (pH 7.5), paraffin-embedded, and cut into 2-to 3-m sections. Sections were stained with PAS according to routine methods.
For immunohistochemical staining, paraffin sections were deparaffinized, hydrated, and boiled in a sodium citrate buffer to retrieve the antigen. The affinity-purified goat anti-neuroserpin antibody was used at 10 g/ml.
Immunoreactivity was visualized with a biotin-conjugated secondary antibody using the avidin-biotin-complex technique and diaminobenzidine as a chromogen (basic DAB kit; Ventana, Illkirch, France). For quantification of inclusion bodies, three regions of hippocampus (subiculum, CA1, and CA3) and three regions of cerebral cortex of one hemisphere were assessed. The immunoreactive area was quantified as percentage of the total area for each image using the AnalySIS 3.0 program (Soft Imaging System GmbH, Mü nster, Germany), and the average of six images was calculated. Two animals per line and time point were analyzed.
For electron microscopy, brain tissue was postfixed with 3% glutaraldehyde and embedded in epoxy resin.
Isolation of Inclusion Bodies
Two mouse brains from animals overexpressing wild-type (lines 682, 14 months old) and Portland neuroserpin (line 794, 16 months old) were analyzed. The isolation was performed following the protocol described by Davis et al 11 with some modifications. Collagenase Liberase Blendzyme 3 (Roche Diagnostics, Rotkreuz, Switzerland) was used in the collagenase digestion step together with 100 l of DNaseI (10 mg/ml; Roche Diagnostics). After centrifugation at 45,000 ϫ g for 60 minutes, the pellet was resuspended in 2 ml of homogenization medium and passed several times through a syringe needle to reduce viscosity and centrifuged again. The resulting pellet was resuspended in 100 l of 4% SDS, 20% glycerol, 10% mercaptoethanol, 125 mmol/L Tris-HCl, pH 6.8, and heated for 2 hours at 75°C. After the last centrifugation step at 14,000 ϫ g for 10 minutes, the supernatant was analyzed by SDS-PAGE followed by Coomassie blue staining or Western blot analysis with the affinity-purified goat anti-neuroserpin antibody.
Protein Sequence Analysis
Proteins were separated by SDS-PAGE and transferred to a polyvinylidene difluoride membrane by electroblotting. The membrane was stained with Coomassie blue. The desired band was cut, and Edman degradation was performed by the Protein Analysis Group of the Institute of Biochemistry, University of Zurich, on a model G1005A protein sequencer (Agilent Technologies, Palo Alto, CA) according to the manufacturer's recommendations.
Protein Identification
After SDS-PAGE and Coomassie blue staining, the protein band was cut out and protein identification was performed by the Protein Analysis Group of the Institute of Biochemistry, University of Zurich, using a QTOF mass spectrometer (Waters, Milford, MA) equipped with a capillary high-performance liquid chromatography (Waters). In-gel tryptic digestion was performed according to published protocols. 12, 13 In brief, the gel band was cut into small pieces. Gel pieces were washed twice with 100 mmol/L ammonium bicarbonate/50% (v/v) acetonitrile for 30 minutes at 30°C and once with acetonitrile. All supernatants were discarded. The gel pieces were rehydrated with trypsin solution and incubated in digestion buffer at 37°C overnight. Afterward, the supernatant was removed, and peptides were extracted twice with 0.1% (v/v) trifluoroacetic acid/50% (v/v) acetonitrile. The combined supernatants were dried and dissolved in 0.1% (v/v) formic acid for analysis. Database search was performed using the Mascot search engine. 14 
Subcellular Fractionation
Four brains were dissected from animals older than 22 months overexpressing wild-type or Syracuse neuroserpin. Tissue was homogenized in 4 ml of buffer (130 mmol/L KCl, 25 mmol/L NaCl, 1 mmol/L ethylene glycol bis(␤-aminoethyl ether)-N,N,NЈ,NЈ-tetraacetic acid, and 25 mmol/L Tris-HCl, pH 7.4) and centrifuged for 10 minutes at 1000 ϫ g. The supernatant was removed, centrifuged for 10 minutes at 3000 ϫ g, and layered on a step gradient consisting of 1 ml each of 30, 25, 20, 15, 12.5, 10, 7.5, 5, and 2.5% (v/v) iodixanol (OptiPrep density gradient medium; Sigma-Aldrich) in homogenization buffer. The gradient was centrifuged at 126,000 ϫ g for 1 hour. Eleven fractions were collected from the top of the gradient and analyzed by Western blot analysis with the affinity-purified goat anti-neuroserpin antibody, the polyclonal anti-calnexin antibody C-20 (Santa Cruz Biotechnology, Heidelberg, Germany), and the monoclonal anti-␤-COP antibody maD (Sigma-Aldrich).
Results
Overexpression of Wild-Type and Mutant Neuroserpin in Genetically Modified Mice
control of the Thy-1 promoter were generated using an expression cassette derived from the murine Thy-1 gene (Figure 1a) . 10 As expected, the transgene was expressed in central nervous system neurons throughout postnatal life. We quantified the levels of neuroserpin in brain homogenates by Western blotting using an affinity-purified anti-neuroserpin antibody. For negative control, brain homogenate from a neuroserpin-deficient mouse 15 (Figure 1b) .
Clinical Symptoms Reminiscent of Those Observed in FENIB Patients in Mutant Neuroserpin Mice
Transgenic mice appeared healthy at birth, developed normally, and did not exhibit any obvious neurological or behavioral abnormalities during early adulthood. However, at 17 and 21 months of age for the Portland lines 794 and 793, respectively, and at 23 months for the Syracuse line 678, mice began to exhibit severe neurological symptoms and behavioral abnormalities, reminiscent of those found in FENIB patients (see Supplementary Video 1, at http://ajp.amjpathol.org). They developed severe ataxia, moved slowly with staggering gait, were incapable of grasping a horizontal wire and climbing a grid of negative geotaxis, and exhibited a considerably greater passivity during handling. In addition, mice overexpressing Portland neuroserpin showed tremor and seizure-like episodes. On appearance of clinical symptoms, the mice were euthanized. Mice of Syracuse line 680, as well as mice overexpressing wild-type neuroserpin, did not show clinical symptoms up to 27 months of age.
Mice Overexpressing Mutant Neuroserpin Show Intraneuronal Inclusion Bodies
Postmortem inspection of mice did not reveal any macroscopic abnormalities in investigated organs (brain, spinal cord, liver, kidney, lung). Histological examination of the central nervous system of all mice overexpressing Syracuse and Portland neuroserpin showed massive intraneuronal PAS-positive depositions of round bodies reminiscent of the inclusions observed in brain sections of FENIB patients. 8 Affected cells showed one or more inclusions, sometimes numerous and arranged in grapelike clusters (Figure 1c) . The presence of inclusion bodies was accompanied by a loss of neurons in hippocampus and cerebral cortex. Glial cells seemed to be spared from these changes. Age-matched mice overexpressing human wild-type neuroserpin (line 682) did not exhibit intraneuronal inclusion bodies.
Inclusion Bodies Exclusively Consist of Mutant Neuroserpin
All intracellular inclusions exhibited strong neuroserpin immunoreactivity (Figure 1d ). In accordance with observations made in brain sections of FENIB patients, the inclusions showed strongest staining at the periphery. 16 To analyze their molecular composition, we isolated inclusion bodies from genetically modified mice overexpressing Portland neuroserpin (n ϭ 2, line 794) and from mice overexpressing wild-type neuroserpin (n ϭ 2, line 682) according to published protocols. 8, 11 Coomassie blue staining revealed a single strong band of approximately 46 kd in the sample obtained from mice overexpressing mutant neuroserpin, which was absent in the control sample (Figure 1e ). The band exhibited strong neuroserpin immunoreactivity on the Western blot probed with an affinity-purified anti-neuroserpin antibody ( Figure  1f ). Amino terminal sequencing by Edman degradation revealed the sequence ATFPE corresponding to the amino terminus of mature human neuroserpin starting at amino acid 19 and thus confirmed the mutant nature of the neuroserpin accumulated in the inclusion bodies. Digestion by trypsin followed by liquid chromatography and tandem mass spectrometric analysis revealed 11 peptides. All corresponded to tryptic peptide fragments of human neuroserpin and together covered 23.7% of the sequence. Seven were unique peptides of human neuroserpin, and three of them were observed two or more times. No peptides specific for murine neuroserpin were found. Moreover, a Portland neuroserpin-specific tryptic peptide was identified. This was generated by cleavage after arginine 52, which is the amino acid that is replaced in the mutant protein. These results demonstrate that Collins bodies are exclusively made up of mutant neuroserpin.
Preclinical Appearance of Neuroserpin Inclusion Bodies
To follow the dynamic evolution of inclusion body formation, we euthanized mice at 2, 6, and 10 months of age, as well as at the onset of clinical symptoms (17 and 21 months for Portland lines 794 and 793, respectively, and 23 months for Syracuse line 678). Mice of the Syracuse line 680 and of wild-type line 682, which did not develop clinical symptoms, were euthanized at 21 months of age.
Already at 2 months of age, the animals showed occasional inclusions (Figure 2 ). The number of inclusions increased with age. In general, inclusions were markedly more frequent and larger in mice expressing the Portland mutation. We quantified inclusion bodies in our mouse models as previously described. 17 A graphical representation of the results is shown in Figure 3 . During the early stages of inclusion body formation, from the second to the tenth month of life, the area of neuroserpin-immunoreactive inclusions increased exponentially with time. At every stage, the mice of the Portland lines overexpressing the less stable S52R mutant of neuroserpin showed more inclusions than those of the Syracuse lines. Even a threefold higher concentration of Syracuse neuroserpin, as found in line 678, was not able to compensate for the difference. One line of mice expressing Syracuse neuroserpin (line 680), which did not show clinical symptoms up to 27 months of age, was shown to accumulate massive amounts of neuroserpin inclusion bodies.
Neuroserpin Inclusion Bodies Are Localized within the Rough ER
The temporal development of the inclusion bodies was confirmed by ultrastructural studies (Figure 4, a-c) . With mice of line 793, we found inclusions of about 2 to 3 m in diameter at 6 months of age, with most cells having only one or two inclusion bodies. At 10 months of age, inclusions were bigger and more numerous. Their shape was sometimes oval or irregular rather than round, suggesting that they had resulted from fusions between two or more inclusion bodies. At a very late stage, around 21 months of age, affected cells were filled with inclusions of different shape and size, many having a homogenous appearance with little internal structure, others showing a dark core. The nuclei of the affected cells were usually eccentric, often deformed and compressed. The cytoplasm and inner organelles were hardly recognizable. Electron microscopic analysis also demonstrated that most inclusions were surrounded by a membrane bearing occasional ribosomes, suggesting that the Collins bodies are retained within the rough ER (Figure 4, d-e) .
To analyze further the subcellular localization of the inclusion bodies, we fractionated Golgi and ER compartments of 22-month-old mice overexpressing Syracuse neuroserpin and age-matched mice overexpressing wildtype neuroserpin in a discontinuous iodixanol gradient by sedimentation velocity. Western blot analysis revealed an accumulation of neuroserpin in the endoplasmic reticulum for both mouse groups ( Figure 5 ). However, the mutant protein was predominantly retained within the denser, heavier fractions at the bottom of the gradient, and no signal was found in the Golgi compartment.
Discussion
FENIB is a conformational dementia caused by mutations in the gene encoding neuroserpin and is inherited in an autosomal dominant fashion. The mutations are located in the shutter region of neuroserpin and cause a premature, target protease-independent insertion of the reactive site loop into the ␤-sheet A of another molecule. The conformational effect of the different mutations varies considerably, and so does the age of onset of clinical symptoms in affected patients. The domain controlling the opening of the main sheet of neuroserpin is centered on Ser49; however, Ser52 forms an even more critical interaction with the sheet. 8 As a consequence, late-onset clinical symptoms were found in patients with the S49P-Syracuse mutation, early-onset clinical symptoms were found in patients with the S52R-Portland, and subsequently with the H338R and the G392E mutations. Although some of the molecular prerequisites for neuroserpin polymer formation are known, our knowledge on the pathophysiology of FENIB is limited, and to date there are no therapeutic protocols for FENIB. Here, we present data on the generation and the analysis of genetically modified mice expressing late-onset Syracuse and earlyonset Portland mutations of neuroserpin.
Genetically modified mice were generated by pronuclear injection of constructs containing wild-type or mutant neuroserpin cDNA. The transgenes were expressed under the regulatory sequences of the Thy-1 promoter. The latter was previously shown to be active in central nervous system neurons throughout postnatal life. 10 Two mouse lines per each mutation were analyzed, each overexpressing different amounts of the proteins, to investigate the effect of protein amount on the accumulation of inclusion bodies. As a control, we used transgenic mice overexpressing wild-type human neuroserpin instead of wild-type littermates, to exclude the possibility that inclusion bodies accumulate due to overexpression of the protein, as reported for another serpin, megsin. 18, 19 A total of four mouse lines expressing mutant neuroserpin were investigated; therefore, we can exclude that the phenotype is an effect of the site of integration of the transgene.
At different time points, mice of both Portland lines and mice of Syracuse line 678 exhibited a phenotype reminiscent of that found in FENIB patients, 20 including severe ataxia, slow movement, and, for Portland mice, tremor and seizure-like episodes. Interestingly, the latter symptoms have also been reported for patients harboring the Portland but not the Syracuse mutation. In a previous study, 21 it was speculated that lack of inhibitory activity of Portland neuroserpin contributed to symptoms like epileptic seizures in FENIB. However, neuroserpin-deficient mice have been generated. 15 They are viable, healthy, and, in contrast to the Portland mice, do not show seizure-like episodes, even in later stages of life. Therefore, we think that inactivity of neuroserpin alone is not sufficient to cause symptoms like epileptic seizure.
Mice overexpressing Portland and Syracuse mutations accumulate intracellular PAS-positive inclusion bodies in neurons that react positively with anti-neuroserpin antibody. The appearance of the inclusions was very similar to that reported previously for FENIB patients.
11, 16 We also observed one or more inclusions per cell, accumulating in a grape-like structure, crowding aside other cytoplasmic organelles. Immunohistochemistry showed strongest staining at the periphery, and electron microscopic analysis often showed a dark core. Moreover, as previously described, 11, 16, 22 the localization of the inclusions within the membranes of the rough ER could be demonstrated in our mouse models by ultrastructural analysis and subcellular fractionation. Examination of inclusion bodies isolated from the brains of our mice confirmed that they are composed of a single protein, neuroserpin. Besides the thick 46-kd band of monomeric neuroserpin, a band of approximately 100 kd as well as a band on top of the blot also reacted with the anti-neuroserpin antibody. They probably represent dimers and polymers of neuroserpin that could not be separated. We could isolate only the human protein from inclusion bodies, because N-terminal sequencing of the isolated protein revealed ATFPE, which corresponds to the N terminus of human neuroserpin, and not ATFPD, the N terminus of the mouse sequence. Therefore, as already shown for the human disease, 23 no endogenous, wildtype neuroserpin was found within inclusion bodies, confirming that synthesis and processing of normal neuroserpin is unaltered. N-terminal sequencing of the isolated protein revealed that the accumulated neuroserpin is secreted past the ribosomal membrane with cleavage of the signal peptide. However, the N terminus of the accumulated neuroserpin, starting at amino acid 19, does not correspond to the proposed signal peptidase cleavage site, 24 which is located between amino acids 16 and 17. The same discrepancy has already been observed for neuroserpin isolated from inclusion bodies of human patients. 11, 23 The accumulation of inclusion bodies in the brains of the transgenic mice was studied at different time points and compared between Portland and Syracuse mice. When comparing mouse lines overexpressing the same mutation of neuroserpin, the increase in accumulated inclusion bodies not only correlated with time but was also dependent on the expression level, because mice overexpressing more protein accumulated more inclusion bodies in the brain. This effect has already been described for the accumulation of another serpin, ␣ 1 -antitrypsin. 25 However, at any stage, Portland mice accumulated more inclusions compared with Syracuse mice. This effect could not be compensated by a higher concentration of Syracuse neuroserpin, as found in line 678, and is in accordance with a considerably earlier onset of disease and more severe symptoms observed in our mice as well as in humans affected with this mutation. Thus, by comparing syngeneic mice that differ in only one mutation in neuroserpin, we could confirm that the clinical manifestations, the amount of inclusions, and the severity of the disease correlate with the predicted instability of neuroserpin rather than with the expression level. Moreover, the rates of accumulation of mutant neuroserpin in our mice reflect those measured in vitro for recombinantly expressed Syracuse and Portland neuroserpin. 21, 26 Both proteins rapidly formed polymers at 37°C as well as at 45°C, with Portland neuroserpin presenting faster rates of polymerization compared with the Syracuse variant.
Previous knowledge about FENIB was based on observations made on material acquired from patients after the onset of clinical symptoms. Our mouse models offer the possibility of studying the course of the disease before the onset of symptoms. The most important finding of this study is that we were able to observe deposits of mutant neuroserpin starting from the age of 2 months, long before the onset of the disease. When clinical symptoms appear, most of the neurons are already filled with inclusion bodies. The presence of a preclinical disease state has been described for a number of dementias. 27 The fact that this has now been shown for FENIB supports the theory that the central nervous system is able to compensate for neuronal loss to a certain degree. Once a critical level of neuronal loss is exceeded, clinical symptoms invariably occur. On the other hand, mice of Syracuse line 678 show a phenotype at 23 months of age, whereas mice of line 680 (overexpressing less Syracuse neuroserpin compared with 678) show inclusion body accumulation but do not develop clinical manifestations during their life span. One could speculate that these mice would eventually develop the disease if they would live longer. For this reason, we speak of a subclinical disease. A subclinical state despite significant inclusion body formation may imply the presence of subclinically affected FENIB individuals, signifying that FENIB could be more common than previously thought.
Recently, transgenic rats overexpressing another serpin, megsin, were described as a model for FENIB. 19 Heterozygous rats show a slowly progressive neurodegeneration with accumulation of PAS-positive, diastaseresistant inclusion bodies in neurons. Neuronal loss has been reported, but the animal have a similar life span compared with nontransgenic rats. Although megsin transgenic rats may represent an interesting model, we think that genetically modified animals overexpressing different mutations of the same protein that accumulate in FENIB under the control of a neuron-specific promoter represent a better tool for studies aimed at understanding the cellular response to intracellular protein aggregation in neuronal tissue, for FENIB as well as for other neurodegenerative diseases. A model where mutant neuroserpin is expressed at physiological level under transcriptional control of its own promoter would be desirable. However, it is conceivable that these mice would not develop disease during their natural lifespan due to the low expression level of the mutant protein. Therefore, we believe that our model will be an indispensable tool for the evaluation of possible therapeutic agents that either block protein self-association or enhance the removal of accumulated aggregates.
